Pontocerebellar hypoplasia (PCH) represents a group of autosomal-recessive progressive neurodegenerative disorders of prenatal onset. Eleven PCH subtypes are classified according to clinical, neuroimaging and genetic findings. Individuals with PCH type 9 (PCH9) have a unique combination of postnatal microcephaly, hypoplastic cerebellum and pons, and hypoplastic or absent corpus callosum. PCH9 is caused by biallelic variants in AMPD2 encoding adenosine monophosphate deaminase 2; however, a homozygous AMPD2 frameshift variant has recently been reported in two family members with spastic paraplegia type 63 (SPG63). We identified homozygous or compound heterozygous AMPD2 variants in eight PCHaffected individuals from six families. The eight variants likely affect function and comprise one frameshift, one nonsense and six missense variants; seven of which were novel. The main clinical manifestations in the eight new patients and 17 previously reported individuals with biallelic AMPD2 variants were postnatal microcephaly, severe global developmental delay, spasticity, and central visual impairment. Brain imaging data identified hypomyelination, hypoplasia of the cerebellum and pons, atrophy of the cerebral cortex, complete or partial agenesis of the corpus callosum and the "figure 8" shape of the hypoplastic midbrain as consistent features. We broaden the AMPD2-related clinical spectrum by describing one individual without microcephaly and absence of the characteristic "figure 8" shape of the midbrain. The existence of various AMPD2 isoforms with different functions possibly explains the variability in phenotypes associated with AMPD2 variants: variants leaving some of the isoforms intact may cause SPG63, while those affecting all isoforms may result in the severe and early-onset PCH9.
Introduction
Pontocerebellar hypoplasia (PCH) represents a group of autosomal-recessive progressive neurodegenerative disorders of prenatal onset. Up to date, eleven PCH subtypes (PCH1-PCH11) have been identified according to clinical, neuroimaging and genetic findings [1] [2] [3] [4] [5] . In all subtypes, imaging and neuropathology show hypoplasia followed by variable atrophy of the cerebellum and pons. Clinical features include progressive microcephaly, severe developmental delay and additional neurologic symptoms depending on the subtype [3] .
The combination of hypoplastic cerebellum and pons, hypoplastic or absent corpus callosum, and postnatal microcephaly is unique to pontocerebellar hypoplasia type 9 (PCH9; MIM 615809) [6] . In addition, a characteristic "figure 8" shape of the midbrain on axial brain images seems to represent a pathognomonic structural anomaly for this PCH type [6] . PCH9 is characterized by a severe course, with developmental delay, seizures, and spasticity. Biallelic variants affecting function in the gene encoding adenosine monophosphate deaminase 2 (AMPD2) have been reported to underlie PCH9 [6] [7] [8] [9] . AMPD2 converts adenosine Johannes R. Lemke and Kerstin Kutsche contributed equally to this work.
monophosphate to inosine monophosphate, thereby playing an evolutionary conserved role in maintaining cellular guanine pools [6, 10] . PCH9-associated variants in AMPD2 cause a severe reduction or even absence of AMPD2 protein that has been linked to adenosine-mediated neurotoxicity and defective GTP-dependent protein translation as the pathogenic mechanisms for this PCH type [6] . The AMPD2-associated phenotypic spectrum has been further expanded by the report of four families: one had a single male offspring exhibiting classical PCH9 [8] , one had five siblings with PCH9-overlapping features in all and axonal peripheral neuropathy in two [7] , one had three siblings with severe PCH9 in addition to peculiar craniofacial dysmorphism and teeth abnormalities [9] , and the fourth family had two members exhibiting hereditary spastic paraplegia (HSP) and no PCH [SPG63; MIM 615686] [11] . Functional redundancy of AMPD2 isoforms and AMPD paralogs, such as AMPD1 and AMPD3, has been suggested to contribute to the variability of phenotypes caused by biallelic AMPD2 variants [7, 8] .
We report eight individuals from six unrelated families with novel and known biallelic AMPD2 variants and evaluate the clinical and genetic data of these patients and the individuals reported previously. We also review the current knowledge on genotype-phenotype correlation in patients with AMPD2 variants and the pathogenic mechanisms underlying PCH.
Material and methods

Whole-exome sequencing and data analysis
Informed consent for DNA storage and genetic analyses was obtained from the parents/legal guardians of all subjects, and genetic studies were approved by all Institutional Review Boards of the participating institutions. For family 1, whole-exome sequencing (WES) was performed on genomic DNA extracted from leukocytes of patient 1 and two unaffected siblings. Enrichment was carried out using the Nextera® Enrichment Kit (62 Mb) (Illumina) according to the manufacturer's protocols. Each captured library was then loaded and sequenced on the HiSeq 2500 platform (Illumina). Variant analysis was performed as previously described [12] . Briefly, the workflow of the Genome Analysis Toolkit (GATK) [13] recommended by the developers was applied. Afterwards, variants were functionally annotated and compared to those documented in publicly accessible genetic variant databases (dbSNP138, 1000 Genomes, and ExAC) using AnnoVar (v2015-03-22) [14] . Only exonic sequence alterations and intronic variants at exon-intron boundaries ranging from −40 to +40, neither present in the homozygous state in variant databases nor in the unaffected siblings, with unknown frequency or a minor allele frequency <0.5% were retained.
In family 2, WES was performed on the index patient (patient 2) only. Enrichment was performed with NimbleGen SeqCap EZ Human Exome Library v3.0 (Roche) and sequencing on a HiSeq 2000 platform (Illumina). Analysis and filtering were done as described previously [15] .
For family 3, WES was performed on the two affected siblings (patients 3 and 4) and the mother at Ambry Genetics (Aliso Viejo, CA). Exome library preparation, sequencing, bioinformatics, and data analyses were performed as previously described [16] . Briefly, samples were prepared and sequenced using paired-end, 100 cycle chemistry on the Illumina HiSeq 2000. Exome enrichment was performed using the Agilent SureSelect Target Enrichment System (Agilent Technologies). Data were annotated with the Ambry Variant Analyzer tool.
For family 4, WES was performed on genomic DNA extracted from leukocytes of patient 5 and both parents. Exome enrichment was performed using the Nextera Enrichment Kit (37 Mb) (Illumina) and sequencing on the HiSeq4000 platform (Illumina). Variant analysis was done as previously described [17] .
For family 5, WES was performed on leukocyte-derived genomic DNA in patient 7 using Illumina's Nextera Rapid Capture Exome Kit on the Illumina NextSeq Platform (Illumina). The average coverage depth was 130×, with 95% of the bases covered at >20×, and a sensitivity of >90% [18] . Data were stored and analyzed using a previously published automated pipeline, SeqMule v1.2.5 [19] . The variant call format file was annotated by ANNOVAR v.2016Feb01 [20] . Variants were filtered to 1% allele frequency in population databases including ExAC, 1000 genome database, and an internal database of exome sequences of 405 individuals of Indian origin. Exonic and splice site variants were then prioritized by MIM (Mendelian Inheritance in Man) identity, phenotypic assessment, and the American College of Medical Genetics (ACMG) criteria of pathogenicity [21] .
The variants identified were described according to HGVS nomenclature [22] , using the reference sequence NM_004037.7 and were submitted to the Leiden Open Variation Database (https://databases.lovd.nl/shared/genes/ AMPD2) (patient IDs 00133645, 00133661-00133664).
Variant validation
AMPD2 (NM_004037.7) variant validation and segregation analysis in patients 1-5 and 7, their parents (or mother of patient 8) and healthy siblings were performed by Sangersequencing. Exons 6 and 19 harboring the AMPD2 variants detected in patient 5 were analyzed in patient 6, the similarly affected brother, by Sanger-sequencing. The coding exons and surrounding intronic sequences of the AMPD2 gene were PCR-amplified from leukocyte-derived DNA of patient 8 and sequenced. Amplicons were directly sequenced using the ABI BigDye Terminator Sequencing kit (Applied Biosystems) and an automated capillary sequencer (ABI 3500, Applied Biosystems). Sequence electropherograms were analyzed using the Sequence Pilot software (JSI Medical Systems).
Results
We performed WES in six individuals from five unrelated families with severe global developmental delay in all (patients 1-5 and 7) and postnatal microcephaly in patients 1, 2, 4, 5 and 7 ( Table 1) . Sanger-sequencing of AMPD2 was performed in patient 8 due to microcephaly and PCH9-typical brain malformations identified by MRI (see below). Parents of the unrelated patients 1, 2, 7 and 8 were consanguineous (Table 1 ). Brain imaging in six of the seven patients revealed pontocerebellar hypoplasia of variable severity, severe to mild hypoplasia of the corpus callosum and atrophy of the cerebral cortex as consistent findings (Table 1 and Fig. 1 ). We identified rare biallelic variants in the AMPD2 gene in all affected individuals: in patient 1, we found the homozygous 13-bp duplication c. Fig. 2 and Supplementary Figure 1 ). Segregation analysis in the families confirmed each of the parents as heterozygous carrier of an AMPD2 variant, except of patient 8's parents as only the mother was available ( Fig. 2 and Supplementary Figure 1) . The 3-month-old brother of patient 5 showed deceleration of head growth (patient 6 in Table 1 ), and fetal MRI already had revealed pontocerebellar hypoplasia, a nearly absent corpus callosum, and enlarged ventricles (Fig. 3) . Testing of the two familiar AMPD2 variants c.682G>T and c.2528G>A in patient 6 revealed both sequence alterations (Table 1 , Fig. 2 and Supplementary Figure 1) . The three variants c.1424_1436dup, c.1648G>A and c.1232A>G were absent from the gnomAD browser (~250,000 alleles); the c.1132C>T change has a minor allele frequency of 0.00001219, the c.2128G>A transition of 0.000008230, the c.1133G>C change of 0.000004063, the c.682G>T variant of 0.00002599, and the c.2528G>A change of 0.000004066 in the gnomAD browser, but none was listed in the homozygous state (Supplementary Table 1 ). All AMPD2 alterations were computationally predicted to be deleterious, and classification of the variants according to the ACMG guidelines [21] revealed the AMPD2 frameshift, the nonsense and the p. Table 1) .
Occipital frontal circumference (OFC) at birth was normal or low normal in patients 1, 5, 6, and 8. Seven of the eight patients developed severe postnatal microcephaly (−4.1 to −6.8 SD between the age of 11 months and 6 years and 3 months). Patient 3 did not have microcephaly at the age of 4 years and 2 months (Table 1) . Earlier measurements of her head circumference also were in the lownormal range with 47.5 cm (−1.3 SD) at 2 years 6 months and 48 cm (−1.5 SD) at 3 years 6 months.
Detailed clinical data were available for patients 1-5, 7, and 8 (Table 1) . At the age of 2 months, patient 1 exhibited respiratory insufficiency with severe apnea that persisted during the first year of life; he suddenly died at the age of 13 months, likely due to prolonged apnea during sleep. Facial dysmorphism was noted in patients 1, 3-5, and 7 (Table 1 ). Only one of seven patients had seizures, but all exhibited irritability (see also EEG data in Table 1 ). Early hypotonia was present in six patients, five later showed hypertonia. Lack of visual contact (7/7), central visual impairment (5/6), pale optic disc (2/7) and primary optic atrophy (1/7) were observed in our patient cohort. An abnormal posture with opisthotonus and flexion of the arms were additional findings in three patients with hypertonia. Spasticity in patients 7 and 8, dyskinesia in patient 2, chorea and "handwashing" movements in patients 3 and 4, and dystonic movements of the head in patient 8 were also reported. There was no development at all in patients 1, 7, and 8, while motor and cognitive development was delayed or severely delayed in the remaining four individuals. Metabolic findings in patient 3 were mitochondrial complex I deficiency and abnormal oxidative phosphorylation enzymology on mitochondria isolated from fresh muscle. These findings were unexpected as no mitochondrial respiratory chain defects have yet been reported in patients with PCH9 [6] [7] [8] [9] . There are two possible explanations: either patient 3 has complex I deficiency or the results of this assay are false positive. WES did not reveal any variant affecting function in nuclear genes implicated in mitochondrial complex I (data not shown). However, we cannot exclude some type of secondary mitochondrial dysfunction. Other clinical manifestations include sleep disturbance, postprandial hyperglycemia and gastroesophageal reflux in patient 1. At latest examination, the 6-year-old patient 2 was Table 1 Clinical data of patients with biallelic AMPD2 variants reported in this study Brain MRI was performed in seven of the eight patients (MRI scans of patient 4 are not available) and showed overlapping structural abnormalities in all, with variable severity (Figs. 1 and 3) . Neuroimaging was performed three times in patient 1, at the age of 16 days, 3 months and 8 months. The first MRI scan revealed partial agenesis of the corpus callosum and hypoplasia of the pons, brainstem, cerebellar vermis and cerebellar hemispheres. While these anomalies were not found to be progressive, cortical atrophy, ventricular dilatation, and hypomyelination became prominent, especially in the latest MRI scans (Fig. 1a-d) .
Patient 2 had a first MRI scan at the age of 3 months that revealed severe callosal hypoplasia, pontocerebellar hypoplasia, and delayed myelination. A follow-up brain imaging at the age of 11 months demonstrated increased CSF spaces supratentorially and infratentorially and severe myelination delay; however, there was no progression of cerebellar and brainstem anomalies (Fig. 1e-h ). Patient 3 was imaged only once, at the age of 1 year. A thin hypoplastic corpus callosum, especially in its posterior part, mild pontocerebellar hypoplasia and generalized atrophy of the cerebral cortex were identified; hypomyelination was also present (Fig. 1i-l) . Brain imaging in patient 5 was performed at age 5 months and repeated at 3 years. Patient 7 had brain imaging at age 4 years and patient 8 at 6 months. MRIs of the three individuals exhibited structural changes that were similar to those observed in patients 1 and 2, including an extremely thin corpus callosum, pontocerebellar hypoplasia, a small midbrain and dilated lateral ventricles with mildly progressive cortical atrophy. T2-weighted images also demonstrated hypomyelination in patients 5 and 7; the early MRI scan in patient 8 could not clearly detect hypomyelination ( Fig. 1m-x) . In patient 6, fetal MRI, performed at 24 weeks of gestation, disclosed early morphological changes consistent with those characterizing postnatal imaging in the other five patients, including an extremely thin corpus callosum, pontocerebellar hypoplasia, and dilated ventricles with a colpocephalic configuration (Fig. 3) . The unique finding in MRI scans, a "figure 8" appearance of the brainstem on axial images [6] , was demonstrated in patients 1, 2, 5, 7, and 8, but was absent in patient 3 (Fig. 1c, g, k, o, s, w) .
Discussion
AMPD2 encodes one of three paralogous AMP deaminases (AMPD1, AMPD2, and AMPD3) catalyzing the irreversible, hydrolytic deamination of AMP to IMP and NH 3 . The C-terminal domains that contain the catalytic domain and an ATP binding site are conserved between the paralogs, whereas the N-terminal regions are highly divergent [23] . The nine previously published and the seven novel AMPD2 variants likely affecting function reported here, all found in individuals with autosomal recessively inherited PCH9, comprise three nonsense, three frameshift, and ten missense variants affecting highly conserved amino acid residues. Nine of the 10 missense variants are located in exons 8-17 encoding the AMP deaminase domain (Fig. 4) and likely represent loss-of-function alleles [6, 7, 24] . However, the p. (Arg251Trp) change is located outside the catalytic domain (Fig. 4) , but destabilizes the AMPD2 protein leading to its degradation [8] . AMPD deficiency in patient-derived neural progenitor cells has been shown to cause vulnerability to physiological levels of adenosine resulting in a significantly reduced cell viability and thereby recapitulating the neurodegenerative phenotype in PCH-affected individuals [6] .
A total of 25 individuals with biallelic AMPD2 variants and a severe neurodevelopmental phenotype have been clinically studied to date (Patients 1-8 in this report and 17 published PCH9-affected individuals in Table 2 [6] [7] [8] [9] ; the number of patients in whom a specific clinical feature is present is given as the proportion of those patients where information was available). Vanderver et al. (2016) reported the homozygous AMPD2 variant p.(Arg843His) in a 4-yearold girl (LD_0673) [24] . In spite of the diagnosis of spastic paraplegia she presented with microcephaly, myoclonic epilepsy, severe hypotonia, global developmental delay and volume loss of the brainstem and cerebellar hemispheres on brain imaging [24] strongly suggesting PCH9. In addition, the amino acid change p.(Arg843His) has also been found in patients 5 and 6 reported here (Table 1) . In 18 patients, OFC at birth was within the normal to low-normal range (Table 2 ). Twenty four of 25 patients (96%) developed severe microcephaly (−3 to −9 SD), and cognitive development was profoundly or severely delayed in 24/24. An exception is patient 3 reported here as her cognitive and motor development was delayed, but not profoundly or severely, she did not show microcephaly, and her brain malformations were mild compared with other patients (Table 1 ). These findings suggest that protective genetic variants [25] and environmental modifiers can exert their effects on the phenotype of individuals with biallelic AMPD2 variants.
Different seizure types were observed in 58% (14/24) of the patients (Table 2) . They frequently exhibited spasticity, hypotonia and hypertonia (92, 72, and 86%, respectively). 83% (19/23) of the patients had central visual impairment and 53% (8/15) primary optic atrophy or pale optic disc. Electrophysiologic studies revealed peripheral nervous system manifestations in two of the four patients tested (Table 2) . However, as axonal neuropathy is developing with age, this feature may be absent in infants and young children with biallelic AMPD2 variants. Common dysmorphic features including large and posteriorly rotated ears, mandibular hypoplasia and mottled and fragile teeth with multiple cavities were noted in three affected siblings [9] . Although craniofacial dysmorphism has also been reported in some other patients with PCH9, the features, except microcephaly with sloping forehead, were not consistent between unrelated individuals or even absent (see also patients 1-5, 7, and 8 in Table 1 ) [7, 9] .
MRI scans showed pontocerebellar hypoplasia (24/24), generalized atrophy of the cerebral cortex (10/10), hypoplasia or aplasia of the corpus callosum (24/24) and hypomyelination (11/15) as the most consisting findings ( Table 2 ). The typical brain imaging finding was the " figure  8 " appearance of the midbrain (17/18); however, this characteristic midbrain shape was absent on the axial MRI of patient 3 reported here (Fig. 1) . The proportionate involvement of cerebellar vermis and hemispheres in patients with AMPD2 variants may help distinguishing them from PCH2-affected or PCH4-affected individuals, who show flat cerebellar hemispheres and a less severely affected vermis (dragonfly-like appearance of the cerebellum on coronal images) [2, 26] . Although corpus callosum hypoplasia has also been reported in PCH type 8 [27] , the combination of callosal hypoplasia or aplasia and " figure 8 " appearance of the midbrain should prompt AMPD2 testing in infants and children with developmental delay and PCH with or without microcephaly (as demonstrated for patient 8 in our cohort). However, mild hypoplasia of cerebellum, pons, brainstem, and corpus callosum and absence of the "figure 8" midbrain shape in patient 3 reported here (Fig. 1) indicate that MRI clues which help distinguishing between different PCH types can be absent.
Novarino et al. [11] reported the homozygous 1-bp deletion c.319delT/p.(Cys107Alafs*80) in AMPD2 (previously reported as c.318delT/p.C107Afs365X) in a 20-year-old female and her 5-year-old nephew with a Fig. 2 Pedigrees of the six studied families and segregation analysis of the AMPD2 variants in the eight patients (P1 in a; P2 in b; P3 and P4 in c; P5 and P6 in d; P7 in e; P8 in f) and their healthy parents (or healthy mother of P8). Black symbols indicate individuals with PCH9. NA: not available for testing complicated form of hereditary spastic paraplegia (HSP). Both walked unsupported, had normal cognition, and MRI of the male individual did not show cerebellar or brainstem abnormalities [11] . These findings raised the question of how variants in AMPD2 can cause both a severe PCH disorder and a relatively mild form of HSP. The c.319delT variant affects the coding region of three of the six alternative AMPD2 transcripts generating five different AMP deaminase isoforms. The AMPD2 transcript variants that differ at their 5' ends are produced through the regulation of five separate promoters and a cassette-type alternative splicing event involving exon 2 (Fig. 4) [23] . Five alternative AMPD2 mRNAs have been studied in detail (Fig. 4) : The AMPD2 transcript with the exon 1A-2 configuration (NM_139156.3) is predominantly expressed in liver, while the AMPD2 mRNAs with the exon 1B-2 (NM_004037.7, NM_001257360.1), exon 1B-3 (NM_001308170.1) and exon 3-4 configuration (lacking three alternate 5' exons; NM_203404.1) are mainly expressed in brain [23, [28] [29] [30] . As the c.319delT mutation is located in the alternatively spliced exon 2, only two of the four AMPD2 transcript variants expressed in brain (NM_004037.7 and NM_001257360.1) are affected. Accordingly, high expression of the two alternative AMPD2 mRNAs without exon 2 in brain (NM_001308170.1 and NM_203404.1) might have compensated for loss-of-function of the exon 2-containing mRNAs that possibly caused motor neuron degeneration in the two relatives but left the brain intact. In contrast, all AMPD2 variants associated with the severe PCH9 phenotype are located in exons containing coding information for all AMPD isoforms and affect each of the six transcript variants (Fig. 4) . Consistent with this, Marsh et al. [8] have recently discussed functional redundancy of AMPD2 isoforms and AMPD paralogs to underlie the different human disease presentations. A remarkably similar molecular mechanism could be proposed for biallelic variants in the EXOSC3 gene that cause both PCH1 and a complicated form of HSP without pontine hypoplasia [31] [32] [33] . The homozygous missense variant c.571 G >T/p.(Gly191Cys) reported in a family with four HSP-affected members [32] is located in the alternatively spliced exon 3 of EXOSC3 (NM_016042.3), while the majority of the PCH1-associated variants is present in exon 1 or 2 and affect the two alternative EXOSC3 mRNAs (NM_016042.3 and NM_001002269.2). Altogether, these data may provide preliminary evidence that functional redundancy of one or several AMPD2 or EXOSC3 isoforms in the brain explains the neurodegenerative disease affecting only motor neurons, while deficiency of all isoforms has a combined effect on hindbrain and motor neurons. In case of AMPD2, the divergent N-terminal regions which play a critical role for the different isoforms to function under different metabolic conditions in various tissues and organs [10, 30, 34] may help explaining the observed variability in disease expression. Similarly, Ampd3 compensates for loss of Ampd2 in mice as Ampd2-deficient mice show proteinuria, a nephrotic syndrome and hypercholesterolemia [35, 36] , whereas Ampd2 and Ampd3 double-knockout mice model the PCH9 phenotype [6] . We are not aware of any renal problems in our and previously reported patients with AMPD2 variants.
Most PCH types exhibit variants in genes that encode proteins involved in RNA metabolism, such as tRNA processing (TSEN2, TSEN15, TSEN34, TSEN54, and CLP1) [26, [37] [38] [39] , tRNA synthesis (RARS2) [40] and RNA maturation and surveillance (EXOSC3) [41, 42] , nucleotide metabolism, for example GTP synthesis (AMPD2) [6] , and Fig. 3 Fetal MRI of patient 6 at 24 weeks' gestation. These images show pontocerebellar hypoplasia (sagittal in a) and an extremely thin, nearly absent corpus callosum (a and coronal in b), with dilated ventricles with colpocephalic presentation (axial in c). The coronal cut b reveals the typical moose head appearance of the lateral and third ventricles. Note for comparison the morphologic differences with images taken at approximately the same levels in a normal fetus (control) of the same gestational age d-f amino acid biogenesis (SEPSECS) [43] . The disease gene for PCH type 7, TOE1, underscores the importance of RNA processing for midbrain and hindbrain maturation as the encoded deadenylase is important for small nuclear RNA processing [44] . In contrast, TBC1D23, a recently reported disease gene for a non-degenerative PCH form (PCH type 11; MIM 617695), encodes a RAB-specific GTPase-activating protein implicated in intracellular vesicle trafficking [4, 5] . A protein synthesis defect identified in AMPD2-deficient cells and a yeast strain with a mutation in sen2, the ortholog to human TSEN2, suggests that impaired protein translation may be a general mechanism underlying the neurodegenerative phenotype in many PCH types [6] . This assumption is further supported by the finding of progressive neurodegeneration in mice with loss of a protein that functions in the release of stalled ribosomes during translation (GTPBP2). However, deficiency of GTPBP2 only caused the neurodegenerative phenotype in a mouse strain bearing a mutation in the brain-specific tRNA for arginine [45] . Taken together, excessive ribosome stalling induced by loss of two factors important for efficient protein translation reveals a link between defects in the protein synthesis machinery and neuronal degeneration [46, 47] . However, the work of Ishimura et al. (2014) also demonstrates the importance of the genetic background on phenotypic expression, not only in mice but also in humans [45] . Accordingly, the wide spectrum of neurological phenotypes associated with variants in the classical PCH genes may not only be explained by functional redundancy of brain-specific isoforms but also by the impact of yet to be identified modifying genes. interpretation of sequence variants in patient 1, segregation analysis by Sanger-sequencing, and drafting of Figs. 2 and 4, Table 1 , supplementary figure 1 and supplementary table 1 ; R.A.J. performed WES data analysis and interpretation of sequence variants in patients 5 and 6, segregation analysis by Sanger-sequencing, and wrote the manuscript; M.A. performed WES data processing for patient 1; G.B. performed WES data analysis and interpretation of sequence variants in patient 2, segregation analysis by Sanger-sequencing, and wrote the manuscript; K.L.H. and S.T. performed WES data analysis and interpretation of sequence variants in patients 3 and 4, and wrote the manuscript; M.H. performed WES data analysis and interpretation of sequence variants in patient 7, segregation analysis by Sangersequencing, and wrote the manuscript. S.A.B., D.H., G.C.K., A.S., K. M.G., M.S., and S.W.-W. conducted clinical phenotyping; M.M. and R.G. evaluated all MRI scans, drafted Figs. 1 and 3 , and wrote the manuscript; J.R.L. and K.K. initiated and directed the project, drafted Table 2 , and wrote the manuscript; all authors discussed the results and commented on the manuscript. 
